Introduction

42
Specific interactions between proteins and DNA are fundamental for the regulation of key 43 biological processes such as transcription, replication and recombination. Understanding the 44 mechanisms used by regulatory proteins to discern their target sequence within the DNA 45 genome requires the consideration of the properties of all interactions with their cognate 46 binding sites. Structural and biological studies of contacts between proteins and DNA have led 47 to the conclusion that sequence-specific DNA recognition involves both direct and indirect 48 readout of the target sequences (10, 20, 23) . In addition to amino acid-base specific 49 interactions (direct readout), the affinity of a protein for its DNA target involves indirect 50 readout of the target, where sequence-dependent variation leads to recognition of aspects of 51 DNA such as topology of major or minor grooves, local geometry of backbone phosphates, 52 flexibility or malleability, intrinsic curvature or water-mediated hydrogen bonds (18, 42, 54, 53 57) . Indirect readout explains some aspects leading to the stability and affinity of several 54 prokaryotic transcriptional regulators for their target sequences. Among those, the Escherichia 55 coli catabolite activator protein (CAP) is selective for a pyrimidine-purine step involved in 56 sequence effects on the energy of kink formation required for bending the DNA around the 57 protein (14, 24, 34) . The trp repressor recognizes its operator sequence indirectly through its 58 effects on the geometry of the phosphate backbone, which in turn permits the formation of a 59 stable interface by water-mediated contacts (3, 36) . Bacteriophage 434 repressor recognizes 60 structural features on the central base pair of its target sequence without amino acid-base 61 pairing (28), while phage P22 c2 repressor induces the B to B´ conformational transition of its 62 target (56) . 63 64 In the Bacillus subtilis phage Ø29 three main promoters, early promoters A2c and A2b and 65 the late promoter A3, are co-ordinately regulated by two viral-encoded proteins: the 66 8 ATP, CTP and [α- 32 P]UTP (1 µCi), and ~5 nM DNA template containing promoters A2c, A2b 146 and A3. B. subtilis σ A -RNA polymerase (RNAP), purified as described (47), was added and, 147 after 20 min at 37 ºC, reactions were stopped with SDS (0.15%) and EDTA (2.5 mM). 148
Transcripts were analysed by electrophoresis in 6% denaturing polyacrylamide gels. 149
Quantification of the transcripts was carried out by using a Fuji Bas-IIIs Image analyser. 150 151
Molecular Dynamics simulations 152
MD simulations were performed using the PMEMD module of AMBER11 and the parm 99 153 parameter set (7, 39). The X-ray structure of p4 (PDB code 2FIO) was used for the MD 154 simulation. The system includes the two p4 monomers (except the residues corresponding to 155 helix α4) and double-stranded DNA with the following sequence: 5'-156 TAACTTTTTGCAAGACTTTTTTATAAAATGTTGA-3'. Independent simulations were 157 carried out on the wild-type p4-site 3 complex, the mutated protein p4R6A-site 3 complex and 158 the wild-type p4-site 3 mutated A±10C. Counterions and the solvent were added using LEAP 159 module of AMBER. An adequate number of Na + ions were added to neutralize the net 160 negative charge of the systems (57 Na + ions in the p4wt system and 59 Na + ions in the 161 mutated complex). Ions were placed in a shell around the system using a coulomb potential in 162 a grid. Neutralized complexes were then immersed in a truncated octahedron solvent box 163 keeping a distance of 12 Å between the wall of the box and the closest atom of the solute. 164
Initial relaxation of each complex was achieved by performing 10,000 steps of energy 165 minimization using a cut off of 10.0 Å. Subsequently, and to start the MD simulations, the 166 temperature was raised from 0 to 298 ºK in a 200-ps heating phase, and velocities were 167 reassigned at each new temperature according to a Maxwell-Boltzmann distribution. During 168 this period, the positions of the Cα atoms of the solute were restrained with a force constant of 169 20 kcal mol -1 Å -2 and the Watson-Crick bonds between all the base pairs of the DNA were 170 9 constrained. The Cα trace was maintained with a force constant of 10 kcal mol -1 Å -2 during the 171 equilibration steps to impede a spurious disorganisation of the structure during the heating of 172 the system from 0 ºK to 298 ºK. During the last 100 ps of the equilibration phase of the 173 molecular dynamics the force constant of all the constrains were reduced stepwise until 0 174 except for the distance corresponding to the Watson-Crick hydrogen bonds between the first 175 and the last base pairs of the DNA molecule which was maintained in order to mimic the 176 cooperative stabilizing effect of base pairs present at both DNA ends that are not included in 177 our system. This constraint was maintained during the productive phase of the simulations. 178
The SHAKE algorithm was used throughout to constrain all hydrogen bonds to their 179 equilibrium values so that an integration time step of 2 fs could be employed. The list of non-180 bonded pairs was updated every 25 steps, and coordinates were saved every 2 ps. Periodic 181 boundary conditions were applied and electrostatic interactions were represented using the 182 smooth particle mesh Ewald method with a grid spacing of about 1 Å. The trajectories length 183 of 10 ns were analysed using the CARNAL module of AMBER11. interactions with several phosphates. Arg54-monomer-A contacted the T+2 phosphate only 210 11 during the first 2 ns; however, the residue contacted the T+3 phosphate and phosphates A0 211 and G-1 located across the minor groove along the entire trajectory ( Figure 2A ). In contrast, 212 the Arg54-monomer-B maintained a stable interaction only on one DNA strand and mainly 213 with the T+2 phosphate ( Figure 2A) . 214 215 The data also suggested that the guanidinium group of arginine rather than the positive charge 216 in the residue was capable of "bridging" atoms of DNA chains. A closer analysis of the MD 217 simulation showed both Arg54 residues located as in the 3D structure during the first ~2 ns of 218 the trajectory ( Figure 3A) , superficially positioned over the minor groove and inversely 219 oriented with respect to each other. The position of Arg54-monomer-B was quite stable and 220 could be superimposed fairly well along the trajectory where the NH1 and NH2 groups were 221 contacting alternately the T+2 phosphate ( Figure 3B ). In contrast, the residue of monomer-A 222 moved occasionally from being superficially positioned toward an asymmetrical location into 223 the groove between residues T+3 and G-1. This conformational change was accompanied by 224 the establishment of hydrogen bonds between Arg54NH2 and the O3´ of A0 located much 225 deeper into the groove. By ns ~4 the arginine returned to its initial position where the NH1 226 and NH2 groups contacted alternately the phosphate at position -1 ( Figure 3C ). Hence, in spite 227 of being chemically equivalent and in identical monomers, both arginines have distinguishable 228
DNA interactions. 229 230
To gain further insight into the role of arginines 54 in the p4 binding process, we analysed the 231 behaviour of two mutated p4-site 3 complexes with some protein-DNA interactions distorted 232 (31). One complex with the mutated protein p4R6A and wild-type site 3 (p4R6A-DNA; 233 Figure 2B ) and the other with wild-type p4 and the A±10C mutated site 3 (p4wt-DNA A10C; 234 Figure 2C ). As previously described, the p4 mutant R6A substitution abolishes the amino 235 acid-base interaction while the A±10C substitution disrupts the interaction of p4 at the 236 external A-tracks (31). The MD simulation of the p4R6A-site 3 complex showed a general 237 weakening of the Arg54-monomer-A interactions and a more stable interaction of the Lys51-238 monomer-A with the T-2 phosphate. The guanidinium group Arg54-monomer-A interacts 239 with the T+3 phosphate in the first 2 ns of the dynamic and with the G-1 phosphate along the 240 entire simulation ( Figure 2B In the MD simulation of p4wt-DNA A±10C site 3 complex ( Figure 2C ), no stable protein-251 DNA contacts of monomer-A were found, and Lys51-monomer-B did not contact the DNA 252 either. Interactions between Arg54-monomer-B and the phosphates of T+2 and G-1 were 253 stable only for the first ~3 ns. Hence, p4 interactions at the external A-tracks seem to 254 influence central minor groove interactions. However, although Arg54-monomer-A does not 255 maintain stable contacts with phosphates, it may still contribute to some stabilization of the 256 complex since it becomes occasionally inserted straight into the groove between T+2 and T-2 257 and intermittently interacts with the phosphates and with the O3´ of G-1 (Figure 3 , F-G). We 258 had previously shown that each of the protein monomers displays different binding entropy 259 due to the asymmetry of the site 3 inverted repeats, with monomer-B having higher binding 260 13 entropy (31). Both Arginines 54, although differing in their DNA contacts, seem to be 261 required for p4/DNA interaction. 262
263
The minor groove facing p4 narrowed locally from the 11.5 Å of a regular B-DNA width to ~ 264 9Ǻ, while it widened up on its opposite face ( Figure 1A ) resulting in an unstable, energetically 265 strained DNA conformation imposed by p4 (31). Measurements of the inter-phosphate 266 distances of the central minor grooves in the MD simulations of wild-type p4-site 3 complex 267 and the p4R6A-site 3 complex are shown in Figure S1 . In the course of the p4wt MD, the 268 minor groove was maintained locally narrow between T0 and T+4 ( Figure S1 ) with Arginines 269 54 superficially located across the minor groove and, when inserted into the groove, their most 270 frequent position was between T+3 and G-1, contacting the O3´of A0 ( Figure 3B ). It has been 271 shown that enhanced negative potentials of narrowed minor groove attract arginines that could 272 mediate specific protein-DNA interactions (41). Here Arg54 is inserted in the narrowed part 273 of the groove (~9 Ǻ width). The p4R6A-site 3 complex showed manifest local minimum at T0 274 (~7 Ǻ) with Arg54 most frequently inserted around T+3 and G-1. 275 276 Arginines 54 might facilitate the axial displacement of the DNA strands and groove 277 narrowing. DNA molecules show clear non-elastic behaviour when being imposed to forces 278 (15, 22, 25) . Hence, the insertion of one Arginine between T+3 and G-1 contacting both DNA 279 strands while the other Arginine inserted at a widened position contacts one DNA strand 280 should modify the topology of the groove. In addition, the fact that Arg54-monomer-A was 281 most frequently inserted into the groove suggests that the residue might play a major role in 282 narrowing the groove. The synchronized regulation of promoters A2c, A2b and A3 requires bending of the DNA (40, 312 43) to a hairpin-like conformation (9) as well as functional interactions of p4 with RNA 313 polymerase (35) and p6 (5). We studied these properties on mutant p4R54A. Previous results 314 had shown almost no effect of p4 mutations K51A and R54A when binding to site 3 (2). 315
However, the binding of p4R54A to site 3 reached a value that was 2-fold lower than that of 316 the wild type protein (Figure S2 ), suggesting that some electrostatic contacts between the 317 protein and the DNA are missing in the mutant complex. 318
319
To investigate whether p4R54A binding induces DNA bending, we employed circular 320 permutation assays (Figure 6 ). Plasmid pBend2wt containing a 72 bp sequence of Ø29 DNA 321 including p4 sites 1 and 2 (40), was used to determine p4 induced curvature. DNA fragments 322 were produced by restriction enzyme digestions that cleaved twice in the plasmid, resulting in 323 fragments with the sequence of Ø29 located at different positions with respect to the 324 fragments ends. Free DNA migrated with similar mobility, in agreement with the absence of 325 intrinsic curvature as demonstrated previously. In contrast, fragments with a gradient of 326 mobility similar to those of p4wt were generated upon p4R54A binding, with the StuI 327 complex having the slowest mobility followed closely by the NruI-and SmaI-generated 328 fragment complexes, with the BglII fragment-p4 complex having the fastest mobility. 329
Quantification of the induced bending angles indicated values of 89º and 88º for the p4wt-330 DNA and p4R54A-DNA complexes, respectively. Hence, in both complexes the DNA is bent. 331
332
The ability of the p4R54A mutant to stabilize RNAP at promoter A3 was analysed using a 333 DNA fragment containing promoter A3 and the overlapping promoter A2b ( Figure 7A ). In the 334 absence of protein p4, RNAP does not bind to A3 with low consensus at the -35 element but 335 16 rather to promoter A2b (43) ( Figure 7A ). Protein p4 interacting with the RNA polymerase α 336 subunit allows closed complex formation at promoter A3 (30). With p4R54A, the p4-DNA 337 complex was reduced with respect to that formed by wild-type p4, but the ternary RNAP-P4-338 DNA-complex formed was similar to that of p4wt indicating that p4R54A efficiently 339 stimulated binding of the RNA polymerase to promoter A3, despite its failure to produce RNA 340 from promoter A3 ( Figure 5) . 341 342 Cooperativity between p4 and p6 when binding to DNA results in the multimeric 343 nucleoprotein complex, which modifying the topology of the promoters induce the switch 344 from early to late transcription. We assayed p4R54A and p6 cooperativity with the DNA 345 fragment used in the transcription assays, which included promoters A2c, A2b and A3. As 346 shown in Figure 7B , simultaneous addition of p4 and p6 resulted in the formation of a ternary 347 p4-p6-DNA complex characterized by its slower mobility compared with that of the p4-DNA 348 or p6-DNA complexes. Protein p4R54A fails to synergize p6 binding since no stable p4-p6-349 DNA complex was detected, although p4-DNA binding seems stimulated by the presence of 350 p6. Hence, most probably the hairpin-like DNA bent is impaired and in consequence early 351 promoters A2b, A2c are not properly repressed and late promoter A3 is not fully activated. residue and simultaneously measuring the groove width. Considering that the 3D structure is 377 the equilibrium state, both Arg54 residues inversely and superficially cross the groove contact 378 phosphates of opposite DNA strands in equilibrium ( Figure 3A) . Along the p4wt-site 3 MD 379 simulation, the Arg54-monomer-B was touching the phosphates rather than intruding into the 380 groove. The Arg54-monomer-A may confer specificity to the p4-DNA complex by interacting 381 simultaneously with phosphates across the groove and by intruding occasionally into the 382 groove to establish simultaneously interactions with the phosphate on one strand and with the 383 sugar oxygen of the opposite strand. These interactions might contribute to local narrowing of 384 the groove. This picture was evident when the p4-DNA complex was destabilized by 385 disruption of Arg6-G±13 interactions (p4R6A/site 3 complex). In the p4R6A/site 3 complex 386
Arg54-monomer-A lost its superficial interactions with phosphates while the rate of intrusion 387 into the groove greatly increased. Moreover, Arg54-monomer-B is also observed intruding 388 into the groove. In addition, the groove width diminished locally suggesting that Arg54 389 functions narrowing the groove. Variation on the width of the grooves in a controlled manner 390 could lead to local strand deformability. The arginines into the minor groove may use the 391 malleability of the A-track to disrupt the linear helix. 392
393
Aginines participate more frequently than lysines in protein-DNA interactions (33); it has 394 been suggested that this is due to the guanidium group of arginine engaging in more hydrogen 395 bonds than the amino group of lysine (27). Participation of arginines in DNA-histone contacts 396 has been the subject of a number of investigations (8, 13, 52) . The arrangement of arginines in 397 the p4-DNA complex differs from that in the complexes of Hox, histones or phage-434 398 repressor. In the nucleosomes, the arginines are positioned asymmetrically frequently bridging 399 O4´ atoms of nucleotides i and i+3 (54). In 434 repressor-DNA complex the arginine is in the 400 centre of the groove with the guanine group bridging the O4´ atoms of nucleotides i and i+2 401
(1). In the p4-DNA complex Arg54 bridged O3´ atoms to phosphates of nucleotides i and i+3. an orange arrowhead; (B) subsequent interactions between basic residues of both monomers 658
